1 Molecule-based dielectric materials are particularly attractive since their response can in principle be tailored to support either high-or low-dielectric applications, and they can be integrated into existing organic electronic devices. 2À4 The fundamental gap of many small organic molecules is on the order of several electron volts, meaning that molecular materials can be designed with low leakage currents (e.g., a monolayer of long saturated molecular strands). However, the low-frequency dielectric response of many bulk semiconductors is inversely proportional to the band gap energy, where a large band gap corresponds to strongly bound electrons which are only weakly polarizable by an external electric field.
5À8
This means that long saturated chains will exhibit low dielectric (and capacitance) values, and that any high-dielectric response molecular material must necessarily be conjugated and therefore exhibit a substantial leakage current, apparently limiting the technological applicability of organic dielectrics. In the coherent transport regime, the current flow often depends critically on both the energetics and symmetries of the states involved. Quantum interference effects are ubiquitous in small organic molecules and are often robust even at room temperature, 9, 10 where characteristic electronÀphonon coupling and thermal energies are typically much less than the electrodeÀmolecule bonding energies. In these systems, current through electrodes bridged by a molecular wire often depends critically on the wave-like mixing and interferences between numerous transport paths, which in turn depend on the details of molecular structure, moleculeÀelectrode bonding, and the dispersion of the electrodes. 11À17 Recently, direct experimental evidence of (destructive) quantum interference was observed in the low-temperature differential conductance of a molecular self-assembled monolayer (SAM) material. 18 Although interference effects on charge transport have been studied extensively both theoretically 12À14,17,19À23 and experimentally, 16, 18, 24 the dielectric response of molecular materials operating in the quantum limit has received relatively little attention.
In this contribution, we investigate the theoretical connection between dielectric response and transport in the coherent regime. As an example, we consider the response of two SAM-based materials (shown schematically in Figure 1 ) where the effects of quantum interference can be unambiguously identified. On the basis of these findings, we propose two materials in which the dielectric response is large while the current is simultaneously minimized via destructive interference.
THEORY
To help elucidate the connection between dielectric response and transport, we consider a material system operating in linear-response, where the effects of an applied field may be treated perturbatively. In this regime, the fluctuationÀdissipation theorem (FD) can be used to relate nonequilibrium response functions to equilibrium fluctuations. 25À27 In particular, dielectric response and conductivity may be expressed in terms of densityÀdensity and currentÀcurrent correlations, respectively. Without approximation, the dielectric function may be written as 26, 28 
where U is the bare (i.e., instantaneous) Coulomb potential matrix, and Π is the polarizability ; the response of the density to an external potential. The representation of these functions in a given basis is implied. With the use of the FD theorem, the polarizability may be expressed as 26, 27 Π nm (ω) ¼ Ài
where angular brackets denote the canonical ensemble average using the equilibrium density matrix, and m and n are basis indices. Similarly, the FD theorem may be applied to find the Kubo formula for the conductivity, 26, 29 
where the first (diamagnetic) term is expressed in terms of the equilibrium charge density n 0 , the electron mass m, and the electron charge e, and the second term is averaged over the volume ν, andÎ n = ∑ i,j p n
is the current operator with electronic creation operator † with matrix elements p n
. Although it is tempting to equate the current to the time-derivative of the charge-density in the equations above, the densityÀdensity and currentÀcurrent correlation functions do not factorize for a general interacting nanostructure, meaning that the relative phases of off-diagonal terms are likely to play an important role. This is especially true in the small organic systems considered here, which form covalent bonds with the electrode and in which transport is predominantly coherent and elastic, even with a moderate bias applied at room temperature.
9,10,24 Equations 1.1À1.3 also indicate that structureÀfunction relationships for dielectric response and transport differ in quantum coherent systems, since the density and current do not often depend on bonding configurations, molecular symmetries, and energy level alignments in the same way. These points can be further clarified by utilizing the scattering approach to transport, 30, 31 in which elastic quantum coherent transport is described in terms of electronic transmission amplitudes. At the nanoscale, it is generally appropriate to consider the conductance rather than conductivity, which may be expressed in terms of the transmission amplitudes t(E) as
where f 0 is the FermiÀDirac distribution for the electrodes in equilibrium, and G 0 = 2e 2 /h is the conductance quantum. The transmission amplitude for scattering from electrode β to electrode R for electrons with energy E is given by 15, 32 t
where the electrodeÀmolecule bonding is described by the tunneling-width amplitude matrices γ(E), and the propagation of electronic excitations is described by the junction's retarded Green's function G(E). Additional details are given in the Methods section.
As described by eq 1.4, conductance is related to the modulus squared of the transmission amplitudes. Conversely, the dielectric response is related to the density of states which is related to the transmission amplitude phases and their derivatives via the Friedel sum-rule. 33À35 At finite frequency, the phase Figure 1 . Schematic representation of the molecular devices considered here, composed of a single layer of molecules sandwiched between two metallic electrodes. We investigate the relationship between the conductance G, which is the proportionality coefficient between the applied voltage V and the current I, and the dielectric function ε, which is the ratio between an external and the total potential and is related to the polarizability of the charge density.
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and amplitude of the transmission are typically related via the usual KramerÀKronig relationships. However, for low frequencies, these two aspects can be essentially independent. Motivated by these observations, we consider the influence of quantum interference on the transport and dielectric response of several molecular-based materials.
RESULTS AND DISCUSSION
The Influence of Quantum Interference. We first consider materials composed of monolayers of either linearly Linear conjugation refers to a sequence of alternating single and double bonds between the termini of a molecule, while cross-conjugation refers to the fact that the sequence of alternating single and double bonds has been interrupted. 36, 37 In both cases, all carbon atoms are sp 2 or sp hybridized, ensuring an itinerant electronic system which dominates the electronic transport. Recently, direct experimental evidence of a destructive quantum interference feature (a node) was observed in the low-temperature conductance spectrum of AQ-based materials, while no such feature was observed in the corresponding AC-based materials. 18 The node's origin can be understood in terms of eq 1.4, where at low temperatures and low biases, dI/dV ∼ G 0 Tr(tt † ), and the transmission amplitudes are evaluated at the electrode Fermi energy. The carbonyl side groups in the AQ molecule introduce transmission amplitudes, which, for electrons with energy E À E F ∼ 0.5 eV, cause a complete cancellation in the total charge transport through the π-system at that energy at zero temperature. 12, 13 Aside from this difference, the AQ and AC molecules have remarkably similar material properties, making them ideal for our comparison. Specifically, both molecules have lengths ∼24.5 Å, bond to Au electrodes via thiol terminating groups, and exhibit energy gaps between their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 2.90 and 2.88 eV, respectively. 28 We emphasize that this is an example system.
Nodes are a generic feature of coherence and have been predicted in a variety cross-conjugated 12, 20, 38 and linearly conjugated 11, 13, 14, 17, 19, 21, 39 molecular systems.
Calculated room-temperature conductance spectra for single-molecule AuÀAQÀAu and AuÀACÀAu junctions are shown in Figure 2 . In the vicinity of the electrode Fermi energy, the AC and AQ devices exhibit conductance values of 11.4 and 0.21 μS, respectively, a reduction ratio in close agreement with lowtemperature measurements on the same systems. 18 In contrast, we find that the computed optical and static dielectric constants (ε 0 and ε s , respectively) of these materials are virtually indistinguishable, giving ∼2.24 for the AQ material and ∼2.21 for the AC material. The transmission spectra were calculated using nonequilibrium Green's functions (NEGF) in conjunction with KohnÀSham density functional theory (KS-DFT), using a pseudopotential approach and assuming the elastic quantum limit. We consider symmetric junctions for molecules bonded to Au(111) with an AuÀS distance of 2.42 Å, and the room-temperature conductance was calculated using eq 1.4. The dielectric constant of each monolayer film was calculated using a finite difference approach in conjunction with KS-DFT, 3 Figure 2. Calculated dielectric constants ε s , ε 0 , and single-molecule conductance dI/dV of anthracene-based (AC) and anthraquinone-based (AQ) molecular monolayer materials sandwiched between Au electrodes. In the vicinity of the Au Fermi energy E F (red vertical line), the conductance of the AQ and AC junctions are 0.21 and 11.4 μS, respectively. The origin of the ∼1.7 order of magnitude (∼50-fold) drop in the AQ material's conductance, a value in close agreement with recent measurements of the same systems, 18 is destructive quantum interference. In contrast, the optical and static dielectric constants for these materials are nearly identical ε 0 ≈ ε s ≈ 2.2. All calculations are for junctions operating in linear response at 300 K.
ARTICLE with a surface coverage of 2.5 molecules/nm 2 and an external electric field applied along the z-axis. Additional details of our computational techniques are discussed in the Methods section. Contrary to trends expected from classical bulk semiconductors, 8 the gap and dielectric constants of AC and AQ materials are nearly identical, while the current is reduced by ∼1.7 orders of magnitude (i.e., ∼50-fold decrease). Although the bulk dielectric response and conductivity may often be formulated in terms of one another, 26 in systems without 3-dimensional translational invariance, such as the molecular materials considered here, off-diagonal elements contribute, making the mathematical relationship between these observables complex and indirect (cf., eqs 1.1À1.3). Physically, the similar dielectric responses of the AQ and AC materials can be understood in terms of the additive nature of the total displacement current and polarizability, where the broken conjugation in the AQ molecule has a negligible effect on the local response of the charge-density. Assuming negligible molecular cross-talk and the same surface coverage used in the dielectric calculations, the computed current densities through AC and AQ-based monolayer materials are 10.5 and 0.24 μA/nm 2 at 0.25 V (corresponding to ∼1 MV/cm), respectively. Note that these molecules were selected to highlight the utility of quantum interference in dielectric material design, not to minimize leakage current. For a particular application, the current should be tunable by changing the surface coverage, or electrode material, or by employing a variety of molecular design principles. For instance, leakage currents may be reduced by orders of magnitude by increasing the length of the molecule, breaking the electrodeÀmolecule bonding symmetry, selecting molecules with larger gap energies, or tuning the electrodeÀmolecule level alignment.
12,40,41
High Dielectric Material Design. The above AQ and AC system calculations show that a high-dielectric material may be designed in which leakage current is reduced via quantum interference. Materials with large (hyper)polarizabilities possess significantly higher dielectric responses than typical organic materials, while donor and acceptor moieties are known to enhance molecular (hyper)polarizabilities when added in tandem to conjugated organics. These molecules, commonly referred to as Donor-Bridge-Acceptors (DBAs), have inspired significant research in the scientific community for applications in nonlinear optics, 42, 43 charge transfer, and charge transport. 44, 45 Here, we propose two DBA molecules designed to simultaneously exhibit large dielectric responses and a transmission node: AQON and AQOF, which are AQ with NH 2 ÀNO 2 and OHÀCF 3 donorÀacceptor substituent combinations, respectively. The chemical structure, calculated dielectric response, and conductance spectra of these molecules are shown in Figure 3 . Owing to the substituted groups, dielectric constants of both molecules are enhanced compared to the AQ material (ε 0 = 4.05, ε s = 4.52 for AQON and ε 0 = 3.81, ε s = 4.72 for AQOF). These calculations assume a relatively sparse surface coverage (2.5 molecules/nm 2 ), meaning that even higher dielectric constants should be attainable with higher surface density. Interestingly, leakage currents through these materials are also substantially reduced in comparison to the AQ material. Near the Fermi energy, we find conductance values of 27.8 nS for AQON and 64.9 nS for AQOF molecules, corresponding to monolayer current densities of 20.7 and 68.6 nA/nm 2 at 0.25 V Figure 3 . Calculated dielectric constants ε s , ε 0 and single-molecule conductance dI/dV of AuÀAQONÀAu and AuÀAQOFÀAu molecular monolayer sandwiches. The donorÀacceptor substituents enhance the dielectric constant but do not eliminate the transmission node (E À E F ∼ 0.35 eV) and associated reduction in conductance. In the vicinity of the Au Fermi energy E F (red vertical line), the AQON and AQOF materials exhibit conductance values of 27.8 and 64.9 nS, corresponding to a conduction reduction relative to the AC material of ∼2.6 and ∼2.3 orders of magnitude, respectively. All calculations are for junctions operating in linear response at 300 K.
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and transport reductions relative to the AQ material of ∼2.7 and ∼2.2 orders of magnitude, respectively. We believe that these reductions are a consequence of the broken electrodeÀmolecule bonding symmetry caused by the substituent groups and their interaction with Au atoms in the electrodes, and the localization of the HOMO on the donor substituted fragment. These results serve as a proof of concept, showing that the dielectric response and charge transport of thin film materials can be simultaneously designed in the coherent regime to meet requirements for specific applications.
CONCLUSIONS
We investigated the relationship between charge transport and dielectric response in the quantum coherent regime, finding that the two can be nearly independent in certain systems. As an example, we first compared the properties of a cross-conjugated AQ material to a linear-conjugated AC material. Despite a ∼50-fold reduction in the room-temperature conductance of the cross-conjugated molecule, caused by destructive quantum interference of the electronic excitations in the system, the dielectric behavior of the materials is nearly indistinguishable. Although these calculations contradict the established trend in conventional bulk semiconductors, where polarizability and mobility are inversely proportional to the gap energy, 5À8 at the nanoscale quantum coherence influences these observables differently. To highlight the importance of this point, we suggested two materials based on the AQ molecule which exhibit large dielectric constants (∼4.5) while maintaining the interference-induced reduction in the conductance.
Quantum interference effects are ubiquitous in molecular systems and can often be controlled by chemical design. In the examples considered here, we have shown that coherence is an important resource which can be utilized in molecular materials to help circumvent certain design challenges. Our hope is that this work will motivate the use of quantum coherence in the development of future dielectric materials.
METHODS
Quantum Transport. In devices composed of small conjugated organic molecules operating near room temperature, the current is predominantly quantum coherent and elastic, and may be calculated as
À1 are the Fermi distributions of the electrodes, t(E) is the transmission amplitude, ΔV is the bias applied between left and right electrodes, μ is the chemical potential of the electrodes, and E is the incident energy. In the linear-response regime, where the temperature and the bias applied across the device are small compared to the operating temperature and chemical potential of the electrodes, respectively, the differential conductance may be expressed as
where f 0 (E) is the Fermi function of the electrodes without any applied bias or temperature difference. Within the nonequilibrium Green's function (NEGF) framework, the transmission amplitudes can be expressed in terms of the junction's retarded Green's function (cf. eq 1.5 in the main text). 15, 32 Within this framework, the molecular junction is decomposed into three parts: the left and right electrodes and the central scattering region, a system interacting with the electrodes and including the molecule and a few metallic screening layers. We solve the electronic structure problem of each of these parts at the KohnÀSham Density Functional Theory (KS-DFT) level and construct the junction's Green's function using
where S is the overlap matrix, H KS is the KohnÀSham Hamiltonian, and ∑ L,R are the self-energies which describe the influence of coupling macroscopic electrodes to the central scattering region. We treat these macroscopic electrodes as infinite periodic bulks. Their electronic structures and Green's function are computed from KS-DFT and connected to the central scattering region through the self-energy terms.
To create the scattering region, we started by optimizing the geometries of the isolated molecules at the DFT/B3LYP level 46, 47 and using a 6-31G** Gaussian basis set as implemented in the NWchem-6.3 package. 48 We then contacted the optimized molecules to two Au(111) surfaces with the sulfur atoms lying atop a gold atom on each side as a contact geometry. The AuÀS bond distance was taken to be 2.42 Å. Finally, we restrict the scattering region to the molecule and 5 gold layers on each side, which allows for a good convergence of the transport properties.
The NEGF-DFT and transmission computations are done using the implementation of the ATK2008.10 package. 49, 50 We use the GGA.revPBE exchange-correlation 51, 52 functional for consistency with the dielectric properties computations, a DoubleZetaþPolarization numerical basis set 53 for electrons in molecular atoms, a SingleZetaþPolarization numerical basis set for electrons in gold atoms and a (7,7,50) MonkhorstÀPack k-sampling. This set of parameters has been carefully checked to ensure the convergence of the transmission spectrum. Although KS-DFT tends to overestimate the conductance and Fermi-level pinning effects, 40 it has been shown to characterize the chemical trends and transport ratios in the systems we consider here. 18 Dielectric Response. The dielectric constants for monolayer films are calculated using a finite difference approach developed in a previous work. 3 To begin, a single molecule is placed in a periodic unit cell of dimensions x, y, and z. The x and y dimensions correspond to surface coverage of the molecular monolayer. Surface density values typically range from 2.0 to 5.0 molecules/nm 2 , depending on the interaction between substrate and assembled monolayer. In this work, we consider a surface coverage of 2.5 molecules/nm 2 , with x and y dimensions of 4.5 and 8.8 Å, respectively. The z-axis lies perpendicular to the surface and is long enough to ensure at least 15.0 Å of vacuum between monolayers, where image effects are negligible. After optimizing geometry of the molecular film, two different electric fields, E 1 and E 2 , are applied separately and geometry is optimized in the presence of the electric field. E ext is defined as the difference between E 1 and E 2 . For all dielectric simulations, E 1 = 5.14 Â 10 8 V/m and E 2 = À5.14 Â 10 8 V/m, typical values for applied electric fields in devices. 18 
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Electric fields are applied parallel to the z-axis, simulating an electric field across a monolayer. After applying the two electric fields, the change in dipole moment is used to determine the dielectric constant via
where ε 0 is the vacuum permittivity. The polarization for the monolayer is defined as
where Δμ is the change in dipole moment of the monolayer induced by an applied field and V ML is the volume of the monolayer. V ML is the area of the unit cell times the thickness of the monolayer. It has been shown that, in certain cases, the interactions between substrate and organic monolayer can have little effect on dielectric response, allowing us to forgo implementing explicit surfaces. 54 We determine two different dielectric constants, the optical dielectric constant, ε o , represents dielectric responses at high frequency (i.e., as ω f ¥) before any geometry changes occur in the presence of the electric field. Static dielectric constant, ε s , represents dielectric responses at low frequency (i.e., as ω f 0) after geometry optimization. In both the optical and static response, no molecular translational or rotational motion is allowed.
Dielectric calculations are performed in QUANTUMESPRESSO. 55 Two different density functionals are applied in these studies. Generalized Gradient Approximation (GGA) as implemented by the PerdewÀBurkeÀErnzerhof (PBE) 51 is used to treat all systems. HeydÀScuseriaÀErnzerhof (HSE), 54 a screened hybrid density functional, is used on smaller molecules to verify the accuracy of our results. It is not applied to all systems due to its large computational expense within planewave packages. For PBE functionals, Vanderbilt ultrasoft pseudopotentials 35 are used with kinetic energy cutoff values of 60 and 660 Ry for wave functions and charge density, respectively. Forces were converged to 20 meV/Å and a k-point scheme of 2 Â 2 Â 1 was implemented.
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